CONSPECTUS: Brucellosis is a serious zoonotic bacterial disease that is ranked by the World Health Organization among the top seven "neglected zoonoses" that threaten human health and cause poverty. It is a costly, highly contagious disease that affects ruminants, cattle, sheep, goats, and other productive animals such as pigs. Symptoms include abortions, infertility, decreased milk production, weight loss, and lameness. Brucellosis is also the most common bacterial disease that is transmitted from animals to humans, with approximately 500 000 new human cases each year. Detection and slaughter of infected animals is required to eradicate the disease, as vaccination alone is currently insufficient. However, as the most protective vaccines compromise serodiagnosis, this creates policy dilemmas, and these often result in the failure of eradication and control programs. Detection of antibodies to the Brucella bacterial cell wall O-polysaccharide (OPS) component of smooth lipopolysaccharide is used in diagnosis of this disease, and the same molecule contributes important protective efficacy to currently deployed veterinary whole-cell vaccines. This has set up a long-standing paradox that while Brucella OPS confers protective efficacy to vaccines, its presence results in similar antibody profiles in infected and vaccinated animals. Consequently, differentiation of infected from vaccinated animals (DIVA) is not possible, and this limits efforts to combat the disease. Recent clarification of the chemical structure of Brucella OPS as a block copolymer of two oligosaccharide sequences has provided an opportunity to utilize unique oligosaccharides only available via chemical synthesis in serodiagnostic tests for the disease. These oligosaccharides show excellent sensitivity and specificity compared with the native polymer used in current commercial tests and have the added advantage of assisting discrimination between brucellosis and infections caused by several bacteria with OPS that share some structural features with those of Brucella. During synthesis and immunochemical evaluation of these synthetic antigens, it became apparent that an opportunity existed to create a polysaccharide−protein conjugate vaccine that would not create antibodies that give false positive results in diagnostic tests for infection. This objective was reduced to practice, and immunization of mice showed that antibodies to the Brucella A antigen could be developed without reacting in a diagnostic test based on the M antigen. A conjugate vaccine of this type could readily be developed for use in humans and animals. However, as chemical methods advance and modern methods of bacterial engineering mature, it is expected that the principles elucidated by these studies could be applied to the development of an inexpensive and cost-effective vaccine to combat endemic brucellosis in animals.
■ INTRODUCTION
Brucellosis is regarded by the World Health Organization as one of the most serious zoonotic bacterial diseases and ranks among the top seven "neglected zoonoses" that threaten human health and cause poverty. 1 It is a costly, highly contagious disease that affects cattle, sheep, goats, pigs, camels, and other productive animals worldwide. 2,3a Wildlife reservoirs of the disease are found in bison, elk, deer, caribou, and reindeer. 4 Symptoms include abortions, infertility, decreased milk production, weight loss, and lameness. Brucellosis is also the most common bacterial disease that is transmitted from animals to humans, 3b with approximately 500 000 new human cases each year. In humans, the disease presents symptoms similar to those of influenza or malaria and can be severely debilitating. Detection of antibodies to the bacterial cell wall Opolysaccharide (OPS) component of smooth lipopolysaccharide (sLPS) is used in diagnosis of this disease, 2, 5 and the same molecule contributes important protective efficacy to currently deployed veterinary live whole-cell vaccines. 6 Brucella OPS confers protective efficacy to vaccines, but its presence results in similar antibody profiles in infected and vaccinated animals.
Researchers have tried to resolve this issue by developing vaccines without OPS. These have included protein subunit, DNA, and vectored vaccines, 7 but the only approach to result in a licensed vaccine has been the use of a rough Brucella abortus strain for use in cattle. 8 However, the protective properties of this strain and approach are disputed, 9 and new solutions are needed. 10 Differentiation of infected from vaccinated animals (DIVA) is not possible with the most protective vaccines, and this limits efforts to combat the disease. Definitive structural studies of Brucella OPS 11 in combination with chemical syntheses of diagnostic antigens 12, 13 and potential conjugate vaccines have identified an approach that facilitates DIVA. 14, 15 These developments suggest an approach that could break a decades-old scientific impasse for mass brucellosis vaccination in animals.
Vaccination of livestock can be a cost-effective way of controlling the disease and limiting its impact on human and animal health. 1, 2, 6 Current live vaccines do not provide protection across different species of animal hosts, are unsafe for use in pregnant animals, and can harm humans, and the most protective make it difficult to effectively differentiate infected from vaccinated animals. 16, 17 A safe, low-cost, and efficacious vaccine would improve the economic circumstances of smallholder farmers, mitigate costly human infections, and avoid outbreaks, which can put millions of humans at risk 18 and compromise livestock industries as well as international trade. Detection and slaughter of infected animals is required to eradicate the disease, as vaccination alone is currently insufficient. To bring the prevalence down to levels whereby slaughter is not prohibitively expensive, vaccination may be applied. However, as the most protective vaccines compromise serodiagnosis, this creates policy dilemmas, and these often result in the failure of eradication and control programs. 19 Brucellosis is endemic in a number of countries. Across Africa, its prevalence in ruminants is estimated to be between 8.2% and 15.5%. 20 In South Asia, its ruminant prevalence is estimated to be 16%. This equates to approximately 100 million animals in India, and the cost of this to the livestock industry alone is estimated to be 3.4 billion USD per year. 21 The disease is widespread across Latin America. In Brazil it is estimated to cost $450 million USD per year. 22 It is also re-emerging and becoming endemic in many regions of China. 23 The toll on smallholder farmers is particularly devastating, since cattle and small ruminants such as goats and sheep are a crucial source of income and food.
■ BRUCELLA CARBOHYDRATE ANTIGENS
Brucellae are Gram-negative intracellular pathogens, although there are significant phases within the host where they are extracellular. The species of most significance to human and animal health, B. abortus (cattle), Brucella melitensis (sheep and goats), and Brucella suis (swine), all have an outer cell membrane that closely resembles that of other Gram-negative bacilli with a dominant sLPS component. This molecule consists of three structural domains, a lipid A to which is attached a core oligosaccharide, which in turn carries the most exposed OPS. On the basis of their reactivity with antibodies produced in rabbits, two carbohydrate antigens, A and M, were identified in the 1930s, and the antigenic phenotype of Brucella strains could be assigned to one of three groups:
The two antigens were concluded to be inseparable. 24 More recently they were identified as the components of OPS of Brucella sLPS. 25, 26 The chemical structure of each was only definitively established in 2013.
■ CHEMICAL STRUCTURES OF THE A AND M ANTIGENS
In 1939 the A and M antigens were found to contain a polyhydroxyamino compound and formate. 27 This insight was confirmed when 4-formamido-4,6-dideoxy-α-D-mannopyrannose (D-Rha4NFo) was isolated as the sole monosaccharide component of the repeating portion of OPS from B. abortus.
25
The formamido group populates both E and Z rotamers (Figure 1) , and both forms are always present in solution. This creates two sets of 1 H and 13 C NMR resonances for each DRha4NFo residue and complicates structural analysis by this method. Initially the A antigen from B. abortus was erroneously concluded to be an exclusively α1,2-linked polymer of DRha4NFo, 25 and the M antigen was mistakenly proposed to have a pentasaccharide repeating unit with one 1,3-linked and three 1,2-linked D-Rha4NFo residues. 26 However, chemical and immunochemical studies of LPS samples from 13 distinct Brucella strains showed that the structures proposed for the A and M antigens were too simplistic. 28, 29 All Brucella strains classified serologically as A-dominant (A + M − ) contained at least 2% of the 1,3-glycosidic linkage type that defines M character. The M strain, B. melitensis 16 M (A − M + ), contained 21% of these linkages. All of the Brucella strains investigated had M character lying between these extremes. B. suis biovar 2 is an exception. Its OPS is devoid of 1,3-linked residues and is consequently a pure A-type antigen. 30 A definitive study has now identified Brucella OPS as a block copolymer of two distinct homopolysaccharide sequences ( Figure 1) . A longer inner sequence of α1,2-linked residues constitutes the A antigen. This is capped by a shorter sequence that creates the M antigen, which consists of one or more tetrasaccharide repeating units with the linkage sequence [α1,2;α1,3;α1,2] attached to additional copies of this tetrasaccharide or to the A segment by an α1,2 linkage ( Figure  1) . B. melitensis 16 M possesses several of these tetrasaccharide repeats, but other Brucella strains investigated had O-antigen capped by a single M tetrasaccharide. The capping tetrasaccharide containing a single 1,3 linkage defines the M epitope. The relative length of the M and A segments defined by the number of repeats, x and z, varies between strains. In solution, the Z rotamer of the formamido residue is the most abundant rotamer.
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Article ■ IMMUNOCHEMISTRY OF THE A AND M ANTIGENS Current serological tests for brucellosis depend upon the presence of OPS within the diagnostic antigen for their sensitivity. Since OPS contains A and M antigenic determinants, antibodies generated in response to infection are reactive with both antigens. Many monoclonal antibodies (mAbs) have been characterized by enzyme-linked immunosorbent assay (ELISA) screening against LPS of Yersinia enterocolitica O:9, Adominant and M-dominant Brucella, and subsequently by inhibition with synthetic oligosaccharides. 29, 31, 32 They possess high but not absolute selectivity for the A and M antigenic determinants. 29,31−33 Whole-cell vaccine efficacy is improved by the presence of sLPS, but this results in A-and M-specific antibodies similar to those of infected animals, thereby defeating their differentiation. Another complication in the serodiagnosis of brucellosis is the existence of bacteria with OPS that contain N-acylated 4-amino-4,6-dideoxy-α-D-mannopyranose and in one case the gluco epimer (Table 1) . Animals infected by these bacteria can produce antibodies that bind in diagnostic tests for brucellosis. Two Gram-negative bacteria possess OPS composed exclusively of α1,2-linked 4-amino-4,6-dideoxy-α-D-mannopyranose residues. One of these, Y. enterocolitica O:9, is N-formylated and therefore is identical to a pure Brucella A antigen. 34 Infection with this organism inevitably results in false positive serological tests. The second, Vibrio cholera O1, is N-acylated by 2,4-dihydroxy (R) butyric acid and has also been reported to bind to antibodies generated in response to Brucella.
2 Antibodies to several enteric bacteria that express O-antigens containing 4-acetamido-4,6-dideoxy-α-D-mannopyranose residues also bind to Brucella OPS (Table 1) . 2 
■ SYNTHESIS OF OLIGOSACCHARIDES CONTAINING

BRUCELLA A AND M EPITOPES
Our initial work with mAbs and synthetic 1,2-linked tri-, tetra-, and pentasaccharide inhibitors suggested that the antigenic determinant of B. abortus A antigen is composed of an oligosaccharide, most likely a pentasaccharide of contiguous α1,2-linked D-Rha4NFo residues. 28, 29 The M antigen could in principle be an α1,3-linked D-Rha4NFo disaccharide, but it inhibited only one of several mAb generated against Mdominant B. melitensis 16M. Pentasaccharides with this linkage at either terminus showed weak M activity. 29 This antigenic determinant seemed more likely to be defined as a larger oligosaccharide with the 1,3 linkage positioned as an internal rather than a terminal 1,3 linkage with a sufficiently short α1,2-linked D-Rha4NFo sequence to preclude recognition by Aspecific antibodies. 29 Our recent studies 12 began prior to publication of the definitive clarification of the Brucella OPS structure reported by Kubler-Kielb and Vinogradov. 11 We synthesized pentasaccharide 1 in which the 1,3 linkage occurs between Rh4NFo residues 2 and 3. 12 The longest 1,2 oligomeric sequence in 1 is a trisaccharide that should exhibit weak A activity. 29 Nonasaccharide 2, which can be regarded as an A tetrasaccharide linked via a 1,3 linkage to an A pentasaccharide, was expected to express both A and M epitopes. In order for the oligosaccharides to be useful in solid-phase binding assays (ELISA), synthetic oligosaccharides were assembled on a six- Figure 2. Glycoconjugate synthesis involved the reaction of esters 1 and 2 with ethylenediamine to give amides 3 and 4. Reaction of these with diethyl or dibutyl squarate gave stable squarate half-esters, which were reacted with lysine amino acids of bovine serum albumin (BSA) to give glycoconjugates 5 and 6.
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Article carbon tether and attached to proteins via homobifunctional reagents ( Figure 2 ).
12,13
When coated on ELISA microtiter plates, pentasaccharide− bovine serum albumin (BSA) glycoconjugate 5 showed preferential binding of M-over A-specific mAbs. 12 As expected, both A-and M-specific mAbs bound with identical profiles to nonasaccharide conjugate 6. These data were consistent with our earlier inference that a 1,2-linked tetrasaccharide appears to be the smallest epitope that affords strong binding with Brucella A-specific mAbs. Pentasaccharide 1, while exhibiting M specificity, still provides too many 1,2-linked residues and retains modest to good binding to A-specific mAbs. We now know that 1 represents the terminal M tetrasaccharide that is α1,2-linked to the next D-Rha4NFo residue of Brucella OPS.
11
The definitive structure of Brucella OPS shows the existence of a unique M tetrasaccharide capping sequence at the distal terminus of the polysaccharide.
11 This suggested options for the synthesis of highly specific diagnostic antigens that could be used to define A and M epitopes (Figure 3) . 13 We also envisaged how this approach might facilitate a glycoconjugate vaccine that would not interfere with diagnostic tests for brucellosis. 15 Tetrasaccharide 7 and disaccharide 8 were inferred to provide the largest and smallest M epitopes. For thoroughness, the component M trisaccharides 9a and 10a were also targeted. 13 These structures are unique to Brucella OPS, and because they are the most exposed part of the bacterial surface, antibodies to them could be anticipated to be present in sera of infected animals. The detection of anti-M antibodies would indicate that an animal is infected by Brucella and not one of the other confounding bacteria that have OPS containing 1,2-linked Rh4NFo or Rh4NAc and are known to induce antibodies that are reactive in the serological test for brucellosis (Table 1) . To examine whether a penultimate 1,2-or 1,3-linked D-Rha4NFo altered the specificity of the induced antibodies, hexasaccharides 11a and 12a were synthesized as potential conjugate vaccines.
The synthesis of Brucella oligosaccharides utilized 4-azido-4,6-dideoxy-α-D-mannopyranose, which is accessible in nine steps from D-mannose. 12, 13, 15, 40, 41 It was also used to synthesize oligosaccharides representing elements of V. cholera OPS. 42 Trichloroacetimidate building blocks 14−16 were assembled from 4-azido-4,6-dideoxy-α-D-mannopyranose. 13 Glycosyl donors 14 and 15 reacted with 17 to create two additional disaccharide donors as thioglycosides 18 and 19 (Scheme 1). 
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Article Starting from glycosyl acceptors 20 and 21 and various combinations of donors 14−19, all six oligosaccharides 7−12 were synthesized. 13 These were selected as having M-like epitope characteristics with increasing A-like epitope properties as the oligosaccharide length increases. The approach is illustrated for targets 7 and 12 (Schemes 2 and 3). Hexasaccharide 12 is an exclusively A-type antigen.
The M repeating unit 7a that caps OPS was assembled in two glycosylation steps (Scheme 2). Tether glycoside 21 was glycosylated by imidate 16 bearing a persistent protecting group at O-2 and a benzoate ester at O-3, which was readily removed to provide disaccharide alcohol 22. Glycosylation by thioglycoside 18 afforded the protected target molecule 23. A uniform deprotection strategy was applied throughout these syntheses. 13, 15 Transesterification was used to remove benzoate esters. Then in three concerted steps, multiple azido groups were reduced to polyamines by H 2 S in pyridine, formic anhydride was the reagent of choice to unambiguously provide the formamido derivative, and a final hydrogenolysis step removed benzyl ethers to give 7.
A-type hexasaccharide 12 was assembled in three glycosylation steps (Scheme 3). 13 Two iterative glycosylation steps employing disaccharide thioglycoside 19 converted monosaccharide 21 first to a trisaccharide, from which the benzoate group was removed to give trisaccharide alcohol 24. A second glycosylation/transesterification sequence provided pentasaccharide alcohol 25. Glycosylation by imidate 14 then gave hexasaccharide 26, from which hexasaccharide 12 was obtained by the same deprotection sequence (Scheme 3).
■ DIAGNOSTIC ANTIGENS
International standard B. abortus serum prepared from cattle experimentally infected with an A-dominant strain of the organism bound strongly to M disaccharide−BSA conjugate 8c and M tetrasaccharide−BSA conjugate 7c. 13 The same conjugates also exhibited strong binding to M-specific mAbs and weak to negligible binding with A-specific mAbs. 13 This prompted more detailed studies with panels of cattle sera, including those falsely positive in conventional assays.
The diagnostic capabilities of six BSA conjugates 5, 6, and 7c−10c were tested for their ability to differentiate culturepositive and random noninfected samples. The nonasaccharide 6, pentasaccharide 5, and tetrasaccharide 7c antigens provided perfect discrimination (100% diagnostic sensitivity (DSn) and diagnostic specificity (DSp). The disaccharide 8c antigen was marginally less effective, with one false negative resulting in optimized DSn and DSp values of 97.78% and 100%. Assays developed with disaccharide conjugate 8c were the best at resolving false positive serological results. This was supported by additional tests of sera from cattle experimentally infected with B. abortus or Y. enterocolitica O:9.
14 Here disaccharide 8c showed 87.5% specificity while B. abortus and B. melitensis sLPS (the standard antigens of current ELISA diagnostics) had specificities of 50 and 56%, respectively. 14 
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Article antibodies that can bind Brucella OPS antigen and potentially afford protection against the disease.
However, when hexasaccharide 12a conjugated to tetanus toxoid was used to immunize mice, the antibody response not only showed strong cross-reactivity with B. abortus LPS and weaker reaction with the LPS of B. melitensis and Y. enterocolitica O:9 but also reacted strongly with the M disaccharide and tetrasaccharide antigens 7c and 8c ( Figure  3) . Substantial antibody titers against a D-Rha4NFo−BSA monosaccharide conjugate prompted consideration that a population of antibodies were able to bind the terminal monosaccharide. Tip-specific antibodies have been reported in other bacteria, e.g., V. cholera 35, 42 and Francisella tularensis.
39
Terminal-residue-specific antibodies generated by a glycoconjugate vaccine lacking a 1,3 linkage would bind 7c and 8c and preclude DIVA.
To avoid the induction of antibodies to the terminal capping residue of an A-type epitope, we adopted a seldom-used conjugation strategy. This located a tether at the nonreducing end, as shown in heptasaccharide 27, which is an A hexasaccharide capped by a D-rhamnopyranoside residue bearing a tether at O-4 ( Figure 4 ).
The synthesis of 27 and from it conjugates 28 and 29 employed three intermediates, 30−32 (Scheme 4). Thioglycoside 30 was the glycosyl donor for a series of iterative glycosylations that began with glycosylation of the known methyl glycoside 31 40 to afford disaccharide 33. Transesterification provided disaccharide alcohol 34, which is the acceptor for a second glycosylation reaction. Sequential glycosylation by 30 followed by de-O-acetylation of the resultant oligosaccharide was repeated four times to provide, in succession, fully protected oligosaccharides 36, 38, 40, and 42 (Scheme 4), all in yields of 89% or higher. Selectively protected hexasaccharide alcohol 42 was glycosylated by rhamnopyranosyl donor 32 equipped with a protected 5-aminopentanyl tether. The resulting heptasaccharide 44 was transformed to 27 by a series of familiar deprotection steps. 9 Amine 27 was activated with disucinimidyl glutarate (DSG) and dibutyl squarate and covalently linked to tetanus toxoid and BSA to provide glycoconjugates 28 and 29, respectively. 15 Mice immunized with 28 using a protocol identical to that employed with 12d produced high antibody titers when measured against the immunizing hapten, BSA conjugate 29 ( Figure 5) . A wide distribution of titers against the three LPS antigens (B. abortus, B. melitensis, and Y. enterocolitica O:9) was observed, similar to that seen with 12d, although the median titer for the 10 mice was 2−3-fold lower. Most striking was the markedly confined distribution of titers against the M disaccharide and tetrasaccharide glycoconjugates 7c and 8c. Whereas titers from sera of mice vaccinated with glycoconjugate 12d spanned a three-log range against 7c and 8c, sera of mice vaccinated with 28 were restricted to a single-log span and furthermore were 1−2 log units lower. 15 This low titer against the M-diagnostic antigen compound 8c approaches but does not meet the objective for a DIVA vaccine. The modest to good level of antibodies specific for internal 1,2-linked Rh4NFo residues in the group immunized with 28 suggested that a similar glycoconjugate but with a larger A epitope should increase antibody levels against internal 1,2-linked Rh4NFo residues. If the terminal epitope were also eliminated from this structure, the presence of antibodies that bind chain-end residues present in the M antigen (7c and 8c) would be reduced further.
This idea was tested by conjugating the OPS of B. abortus strain S99, with 98% α1,2 and 2% α1,3 linkages, to tetanus toxoid. 15 Conjugation was achieved via targeted alteration and activation by mild periodate oxidation of the OPS. Importantly, the terminal D-Rha4NFo residue was oxidized and the tip epitope was destroyed. Reductive amination of aldehydes created at this site followed by reaction with DSG allowed conjugation of the activated polysaccharide OPS-S99 to tetanus toxoid to yield OPS-TTS99 (Scheme 5). 15 A second site between C7 and C8 of keto-deoxyoctulosonate (KDO) may also be oxidized, and conjugation may also occur via this site. A conjugate of this type would also have its terminal D-Rha4NFo residue destroyed by oxidation/reduction.
Mice were immunized three times with conjugate vaccine OPS-TTS99. 15 All eight immunized mice produced antibodies against B. abortus S99 and B. melitensis 16 M sLPS, despite the fact that latter is M-dominant and has OPS with 20% α1,3 links ( Figure 6 ). Binding to hexasaccharide antigen 12c compared with that to 1,3-linked hexasaccharide 11c showed that antibodies to the A epitope dominate. The lack of antibodies against the M epitope (as detected by the absence of binding to conjugates 7c and 8c), even though 2% of the linkages are α1,3, may be due to the occurrence of these linkages near the site of terminal conjugation, resulting in their reduced accessibility to the immune system. Importantly, the results show that the OPS tetanus toxoid conjugate can induce antibodies that bind to M-dominant cells via the internal A epitope of their OPS. Antibodies to linear 1,2-linked D-Rha4NFo sequences can bind to these internal epitopes present in M-dominant OPS. The binding to the Mdominant OPS presumably occurs toward the reducing end of this block copolymer, where longer stretches of α1,2-linked DRha4NFo units exist. It has also been shown previously that Figure 4 . Heptasaccharide 27 was synthesized as the amine and conjugated to tetanus toxoid using disuccinimidyl glutarate (DSG) to obtain 28 and to BSA using diethyl squarate to obtain 29. Conjugate 28 was used to immunize mice and conjugate 29 to monitor antibody responses by ELISA.
Accounts of Chemical Research
Article antibodies with anti-A specificity can provide protection against challenge with M-dominant strains of Brucella.
43
Polysaccharide conjugates such as the one as described here create a long-sought Brucella vaccine component that is able to 
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Article produce the anti-O-antigen antibodies that are considered to be a vital element of the most protective vaccines. Unlike the various whole-cell live vaccines, these glycoconjugates produce a dominant immune response against only the α1,2-linked DRha4NFo units that make up the A epitope present in the Brucella OPS antigen. Thus, diagnostics based upon the M and terminal epitopes, including disaccharide and tetrasaccharide conjugates (7c and 8c), provide a universal diagnostic that can discriminate infected from vaccinated animals. In the ELISA format that we have reported, the assay is cheap, simple, and robust, and other assay formats are also possible
We have applied these antigens in a cheap, simple, and robust iELISA format to a panel of sera from naturally (n = 45) and experimentally (n = 4 with four postinfection bleed dates) B. abortus (A-dominant) infected cattle and noninfected cattle (n = 125) and demonstrated their excellent sensitivity and discriminating power. 14 The existence of anti-Brucella OPS antibodies that do not bind these M-and tip-epitope-specific conjugates (7c and 8c) has been shown previously. 32 We have now demonstrated the means to reliably and exclusively induce high titers of polyclonal antibodies with these particular characteristics, i.e., no binding to the M and terminal epitopes and the ability to bind to the α1,2-linked D-Rha4NFo units that make up the A epitope in OPS of both A and M serotypes. 44 The combination of a diagnostic test and a vaccine that does not generate antibodies that bind to short M-type conjugates establishes the important principles of a viable DIVA.
Reduction of these design principles to practice will require several additional embodiments that enable a vaccine to be produced inexpensively, amenable to transport in adverse temperatures, and capable of conferring protection across a broad range of domestic ruminants and pigs. 
Article One could envisage various scenarios for a successful, costeffective vaccine. Combining anti-Brucella OPS antibody induction with an effective cell-mediated immune response will give the most effective protection against brucellosis. 45 This could be achieved via OPS conjugation to or inclusion of a relevant Brucella protein, of which many have been reported, 46 or by using the glycoconjugate in combination with rough Brucella vaccines. The glycoconjugate could be used in adult animals that have received smooth vaccines when young. This would boost immunity without incurring the safety and confounding serological issues that occur when live and smooth vaccines are used. Avoiding the growth of Brucella to harvest OPS, which mandates level-3 containment, could be achieved with conjugate vaccines derived from Y. enterocolitica O:9, which shares the same D-Rha4NFo polymer structure as B. suis biovar 2 28, 32 but requires less stringent containment and likely represents the most cost-effective route to a vaccine. The synthetic and semisynthetic constructs described here could also guide biotechnology approaches for the creation of a genetically engineered live DIVA vaccine that exploits known OPS biosynthetic mechanisms.
47−49
■ CONCLUSION Brucellosis is a zoonotic infection that is passed to humans by contact with infected animals but is not spread by human-tohuman contact. Eradication of the disease in humans can be achieved only by mass vaccination of animals combined with test and slaughter. 50 The work summarized here is the first to establish a concept for an OPS-based brucellosis vaccine that can be applied in a DIVA format. Moreover, this work describes the main elements of a safe, viable, and thermostable glycoconjugate vaccine that could protect humans and animals against the disease.
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